themselves bioinformaticians stand to gain -as well as the challenges and unmet needs that are likely to represent fruitful areas of research in the not-too-distant future.
Standards
One of the major challenges in biomedical informatics is to overcome the lack of standards for the collection, manipulation and transmission of information in biomedical research. The need for standards is especially pressing in the field of human genetics with its focus on DNA sequences and descriptions of rare phenotypic abnormalities that tend not to be adequately represented in general-use biomedical vocabularies such as SNOMED.
Ontology is the philosophical discipline which studies the nature of existence and aims to understand what things exist in the world, how these things can be divided into categories according to distinguishing characteristics, and how these categories are related to one another. In computer science, the word ontology is used with a similar meaning, to refer to a structured, computable representation of knowledge within certain domains, such as science, government, industry, and healthcare. Computationally, an ontology provides a classification of the entities within a domain, each associated with a human-readable term and often additional synonyms and other information.
Furthermore, an ontology specifies the semantic relationships between these entities.
Thus, an ontology can be used to define a standard, controlled vocabulary for a scientific field as well as to enable reasoning and inference across this knowledge to drive new hypotheses and further research. One of the most widely used ontologies is the Gene Ontology (GO), which provides structured, controlled vocabularies and classifications for several domains of molecular and cellular biology and is structured into three domains, molecular function, biological process and cellular component (Ashburner et al. 2000) . GO has been extensively adopted by the molecular biology community as a kind of lingua franca for describing the biological function of gene products in humans and model organisms using a consistent and computable language. Although the GO was originally developed primarily to provide a means for integration, retrieval, and computation of data, it is now commonly used to help understand the results of high-throughput expression profiling experiments, network modeling, analysis of semantic similarity, and many other applications.
Clinical medicine and research in human genetics have not yet incorporated ontologies and information technology to the same extent. Consider for a minute how useful it would be if the genotype and phenotype data for all published studies on genetic disorders over the last several decades had been recorded in a standard fashion in a central database in the same way as molecular geneticists have made sequence data freely available. The development and widespread adoption of a number of standards will be required to achieve this in the next decades.
Victor McKusick provided a classic description of the challenges of the nosology of genetic disease in 1969, which in many ways boils down to a dispute between "lumpers" and "splitters" (McKusick, 1969) . This debate is impossible to resolve because, among other things, of the numerous instances of "many from one" (multiple phenotypes from different mutations in the same gene) and "one from many" (the same 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w phenotype from mutations in two or more separate genes) (McKusick, 2007) . This means that no one classification scheme is likely to satisfy all needs. There are currently two important schemes that should be widely adopted (and computational links will need to be made between them). The first naming scheme for genetic diseases which was developed over decades by Victor McKusick and colleagues at Online Mendelian Inheritance in Man (OMIM) has long been used in the research community.
Ada Hamosh and colleagues provide an overview of the logic behind the OMIM nomenclature in this issue (Hamosh et al. 2011) . Although the OMIM nomenclature has been widely adopted in the research community, it has not been used extensively in hospital IT systems.
Orphanet, which is the most important portal especially for clinical aspects of rare disease (http://www.orpha.net), offers information for professionals and the general public on rare diseases, orphan drugs, expert centers, clinical trials, patients' organizations, and other related topics. The International Classification of Diseases, version 10 (ICD-10) is the international standard diagnostic classification of the World Health Organization (WHO) for epidemiological and health management purposes as well as for clinical use. Only about 240 hereditary diseases have a specific code in the ICD 10, and no systematic classification scheme was used. Therefore, Ségolène Aymé and colleagues at Orphanet are developing a clinically oriented nosology of rare diseases that will be adopted by the ICD-11, and thus is likely to have an enormous influence on human genetics simply by making the great majority of rare diseases visible for statistics and hospital IT systems that make use of ICD-11. OMIM provides separate identifiers for each of the distinct subtypes of heterogeneous diseases (for instance, there are identifiers for each of the forms of long QT syndrome, which are caused by mutations in distinct genes but characterized by highly similar phenotypes).
On the other hand, the Orphanet nosology will generally provide a single identifier for such syndromes, since this is generally more useful in a clinical setting. Thus, it seems fair to regard Orphanet as the lumpers, and OMIM as the splitters within the field of nosology for human genetics.
For many kinds of research in human genetics, it is important to record the phenotypic abnormalities in addition to the specific disease entity or diagnosis. Human genetic diseases can be clustered on the basis of their phenotypic similarities, and it has been proposed that the clustering reflects true biological relationships of the genes involved (Oti et al., 2007) . Several mutually incompatible nomenclatures are in use to describe phenotypic abnormalities (signs, symptoms, laboratory and imaging findings) in the field of human genetics, including those of the commercial programs London Dysmorphology Database and POSSUM. One of the guest editors of this issue has led the development of the Human Phenotype Ontology (Robinson et al., 2008) , which currently provides over 10,000 terms to describe individual phenotypic abnormalities and over 50,000 annotations to hereditary diseases. The HPO owes an enormous debt to OMIM, from which much of the initial information in the HPO was derived. Continued development of the HPO, which is freely available to all, is being conducted with the help of a number of groups including OMIM, Orphanet, and other interested clinicians.
The further involvement of experts from the community is highly welcome. The HPO has been adopted by the International Standard Cytogenomic Array (ISCA) Consortium, and The third kind of standard that is absolutely essential for human genetics regards the nomenclature of mutations. The Human Genome Variation Society (HGVS) has developed a nomenclature for mutations that is now required in this and in many other journals (www.hgvs.org/mutnomen). In this issue, den Dunnen et al., (2011) describe an extension of this standard for several kinds of complex mutation. These standards deserve broad support in the community for reporting and publishing scientific findings.
Finally, there is currently no widely accepted way of reporting all sequence variants found in an exome or genome. The recently presented Genome Variation Format (GVF), which uses terms from the Sequence Ontology to describe genome variation data (Reese et al., 2010) , seems to have the potential to meet this need.
Biomedical ontologies and standards exist to serve integration of data, their conditions of success can usefully be compared to those of a telephone network. The utility of an ontology or of a telephone network is critically related to the number of users. The more datasets are annotated to a given set of interoperable ontologies, the higher the value not only of the ontologies but also of the annotated data, which can now be integrated and compared with ever more comprehensive datasets (Smith et al., 2010) . This has been one of the many reasons for the continued success of the Gene Ontology, which in 2000 comprised about 2500 terms and was used to annotate only yeast, mouse, and fly genes, and has subsequently grown and matured such that it now contains over 33 thousand terms and is used to annotate all major model organisms. 
Next-Generation Sequencing (NGS)
NGS is revolutionizing biomedical research in many ways, not least by the ability to resequence the great majority of coding exons in the human genome by hybridizationbased enrichment techniques followed by NGS analysis, a procedure which has come to be called exome sequencing. Multiple novel disease genes have been discovered following the pioneering work of Ng et al. (2009), and it is widely expected that exome sequencing and related technologies will dramatically accelerate the pace in the discovery of the disease genes for the estimated 3,750 Mendelian disorders whose molecular basis is currently unknown. Presumably, our understanding of the genetic causes of oligogenic and polygenic disorders will also benefit in a similar way.
In 1965, Gordon Moore described a trend in computing hardware, according to which the number of transistors on a chip roughly doubles every two years. A similar trend is likely to apply to DNA sequencing technologies, and the primary challenge in diagnostics in human genetics is likely to shift from the mere identification of sequence variants to the interpretation of the variants. Bioinformatics plays a key role at all levels of data analysis and interpretation. In addition to alignment of short reads to the reference genome and variant calling (Li and Homer, 2010) , a number of integrative analysis procedures have been developed to deal with the primary challenge in the medical interpretation of exome data, which is simply making sense of the sheer number of variants found in each individual patient. It has been surprising to discover just how common sequence changes with presumably deleterious effects on protein function are in a typical human genome. For instance, it has been reported that on 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w average, each genome carries 165 homozygous protein-truncating or similar variants in genes representing a diverse set of pathways (Pelak et al.. 2010) . This means that the mere finding of a sequence variant that appears to be a pathogenic mutation cannot be taken as proof that the change is causally related to the disease being investigated.
Groups involved in exome sequencing have developed a number of strategies to deal with this. The "intersection" approach searches for rare, potentially deleterious variants affecting the same gene in multiple unrelated individuals with the same disease (Ng et al., 2010) Family-based approaches use linkage analysis in addition to NGS analysis in order to narrow down the candidate region in families (Volpi et al., 2010) . The group of one of the guest editors of this special issue has developed procedures to perform linkage analysis directly in the exome sequence data of individuals affected by autosomal recessive or X-linked diseases by using a Hidden Markov Model approach to identify regions identical by descent in all affected individuals (Krawitz et al., 2010) .
Recently, it was shown that exome sequencing can be used to identify de novo mutations in sporadic cases of mental retardation (Vissers et al., 2010) .
It is to be expected that new algorithms and analysis procedures will continue to be developed for making sense of exome data, but it is still unclear how to bring exome sequencing into routine clinical care outside of big research centers for human genetics in the near future because, among other things, of the complexity of the computational analysis required for this type of data. It seems more likely that targeted resequencing of panels of genes known to be involved in genetically heterogeneous disorders such as hereditary deafness or cardiomyopathy will be the first widespread application of NGS technologies in routine molecular genetic diagnostics. One key point for any technology in which variants in tens, hundreds, or thousands of genes are interrogated is the use of databases to help in interpretation and reporting. In addition to centralized registries for mutations and phenotypes, which will be covered below, specialized software for analyzing and reporting variants will be needed to keep up with the increased demands of NGS data.
Human Genetics and Personalized Medicine
One of the articles in this issue brings up the urgent need of placing human genetics in the perspective of personalized medicine (Ullman-Culliaire et al., 2011). In fact, it is the rapid and immense progress in the field of human genetics in combination with an equally rapid development in bioinformatics which calls for the establishment of electronic health records, a functioning health care IT and communication with genetic/genomic information on an individual level to be able to offer optimal health care.
In contemporary medical practice, a patient's genetic/genomic data is becoming ever more important for clinical decision making, in disease risk assessment, diagnosis, and drug therapy. The electronic health record will typically need to include a segment of key elements for the individual, including phenotypic and other clinical data, previous and current diagnoses, previous and current medication, accessibility to genetic data such as genetic test results from individuals, encoded using standard formats discussed in the articles (Taschner et al., 2011) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Electronic Patient Records and Hospital Information Technology
An electronic health record will also facilitate control of clinical work-flows and interaction with genetic/genomic, pharmacogenetic/genomic databases, and databases to be used for research purposes. BioGrid Australia, described in this issue (Merriel et al., 2011) , is an example of this type of warehouse database to be used for research. It is a federated data linkage and integration structure and integration infrastructure that uses the internet to enable patient specific information to be utilized for research from multiple databases of various types, from a range of diseases and across more than 20 health services, universities and medical institutes. There is an open access for any researcher to view available data. Data is transported every night from the local databases into BioGrid and researchers only have access to de-identified data.
Research can also be done using electronic health records directly, in particular when these are in communication with databases with genetic/genomic information. There is much to be gained by having as few databases as possible and if scientific studies used clinical information from the primary health records it would be safer, cheaper and give more accurate data. It will, however, require that data is requested in a systematic and ethically controlled fashion and that data is delivered to researchers in a de-identified format. Medical records in general, electronic or not, harbor most information relevant for one individual. However, not all information is relevant, it is not structured, and typically it is divided in many different caretakers' registers. A nationwide system of electronic health records with access from all registered health care services within the country (and in the future perhaps also outside the country) would serve the patient best. This database should then be able to communicate with all necessary databases, such as those with genetic-genomic information for individuals. If for practical reasons this is not possible, all existing health record electronic systems should be able to communicate with each other and all other necessary databases. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
The Semantic Web for Human Genetics
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As mentioned above, a major challenge in the interpretation of exome and genome data lies in the identification of the actual disease-causing mutation (or mutations) among very numerous candidate variants. Numerous tools have been developed over the last decade or so to predict the pathogenicity of nonsynonymous substitutions in protein coding sequences on the basis of attributes such as evolutionary conservation, physicochemical characteristics of the wild-type and mutant amino acids, and protein structure, including PolyPhen (Ramensky et al., 2002) , ProPhylER (Binkley et al., 2010) , and many others. Other groups have developed tools that integrate and visualize the output of multiple prediction routines (Schwarz et al., 2010) . While these tools are highly useful for the prioritization of sequence variants, they are currently not reliable enough to make a definitive diagnosis in the setting of exome and genome analysis. One of the most important areas of research for bioinformatics in human genetics will be the development of analysis procedures that will combine the output of prioritization tools with phenotypic and pedigree data as well as data from databases of neutral variants and of disease-causing mutations in order to improve and facilitate the interpretation of exomic and genomic data in a clinical setting. Another interesting area of research will be the development of computational tools that use phenotype data from model organisms to help understand human disease. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 At present, there is no such database for single-gene mutations, and much less for exome and genome data. While the ethical and privacy issues surrounding such databases are substantial and will need to be worked out in the near future, it seems clear that the full potential of exome sequencing for patient care will not be reached without a significant investment in public databases for medically relevant exome data that contains standardized descriptions of the genotype and the phenotype.
Registries for mutations
The Human Variome Project (HVP; http://www.humanvariomeproject.org/) is the natural successor to the Human Genome Project. It aims to improve human health by the establishment and maintenance of standards, systems, and infrastructure for the worldwide collection and sharing of all genetic variations affecting human disease. The goal is to make internationally available all existing genetic variants and tools to interpret and use these to diagnose, and treat individuals with the existing state-of-theart knowledge regarding genetic-genomic information. It will do so by data collection into all existing and new locus-, gene-or disease-specific databases where data is reviewed by numerous experts in the field. The collection of data to these LSDBs could sometimes be facilitated through a network of HVP Country Nodes, created in partnership with Human Genetics Societies in individual countries across the globe. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Those nodes are data repositories that are run, managed and funded within each country and which could correspond with local databases and international LSDBs. In this issue is described how to initiate a HVP Country Node (Al Aama et al., 2011) .
Nodes exist already in Belgium, China, Egypt, Malaysia and Australia.
The GeneInsight Suit, similar to a country node, is an application and networking infrastructure enabling organizations to use a platform of software applications and consists of a laboratory/knowledge management application (GI Lab), a provider communicating with organizations (research or clinical) using GI Clinic (Aronson et al., 2011) . This platform could be used to obtain high-quality state of the art reports from genetic testing regarding gene variants in every gene and their relation to disease, drug efficacy and drug response -and also manage to automatically deliver up-dates to these reports later when state of the art changes.
The GEN2PHEN project (http://www.gen2phen.org/), described in this issue by Webb et al. (2011) , is another project that aims to assist in organizing the flood of existing genomic information. Within the GEN2PHEN project an evaluation of all existing locusspecific databases showed that there are more than 1,000 LSDBs covering almost 1,000 genes with some genes being represented in more than one LSDB (Webb et al., 2011) . It is of value not to have overlapping LSDBs and concentrating the efforts in generating a high quality LSDB with professional curators with expertise in a certain topic will make the best use of existing data. The international society for inherited gastro-intestinal tumors (InSiGHT; http://www.insight-group.org/) is one example when an organization in line with the HVP made an effort to centralize and improve several 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Often it is not clear what is relevant to submit to each LSDB. Typically, a genetic variant in a gene is reported related to a certain disease. The patient was screened for the gene because there was a clinical suspicion of the disease and the basis for this was symptoms or a diagnosis in the patient and his relatives. Normally, when the interpretation is a pathogenic mutation, the same variant will not be reported when it is found again in affected or healthy relatives -or even in unrelated subjects. There is an ongoing debate whether to report all genetic variants in all individuals or not. The reason to report all subjects is mainly for scientific purposes. For clinical purposes it is most important to report so called unclassified variants -i.e., those that are difficult to interpret and cannot be unambiguously classified as pathogenic or neutral at the point of diagnosis. To solve the issue of an unclassified variant needs research. Those studies could constitute in silico or in vitro functional tests, clinical information from many tested subjects, as well as for all relatives or (for not too rare variants), association studies in large cohorts of cases and controls. For scientific purposes it could be of value to obtain data of all individuals with a certain variant -however, it is likely more accurate for a scientist to approach the local databases to obtain full information since the individual health record is probably the source closest to the patient and the most relevant and updated. For clinicians or labs to submit data purely for unknown research interests will also likely result in low-quality or no data, low chance that data will be updated and low chance that data will be associated with relevant clinical parameters -because of low motivation for submitters. 
Conclusions
We have mentioned just a few of the more important areas in which the field of bioinformatics is providing an indispensable contribution to research and clinical care in human genetics. The influence of bioinformatics is likely to continue to grow hand in hand with advances in next-generation sequencing and other high-throughput technologies in biomedicine. The full promise of these advances for patient care will only be attainable if geneticists and bioinformaticians are able to cope with the challenges of this kind of data analysis. Training programs in bioinformatics should include human genetics and genomics, and correspondingly, training programs in medicine and human genetics will need to increase coverage of statistics, genomics, and even bioinformatics.
Finally, it will be of utmost importance to create a health care system with electronic health records with systematic coding of clinical/phenotypic as well as genetic/genomic data. This will require an ontology for common clinical parameters and lab data, including genetic/genomic data for the individual and related tissues. It will also be necessary to complement the health care systems with software and tools for clinical decision making and messaging frameworks and to educate the health care system on how to use available systems on the internet.
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